Acetylcholine receptors (AChRs), including nicotinic acetylcholine receptors (nAChRs) and muscarinic acetylcholine receptors (mAChRs), are highly expressed in bronchial epithelial cells.
Introduction
It is estimated that lung cancer accounts for more than onequarter of all cancer deaths, which is higher than breast, prostate, and colon cancer combined. [1] Non-small cell lung cancer (NSCLC) is a major part of all lung cancer cases and is highly associated with cigarette smoking. [2] Although sophisticated combinations of surgery, radiation, and targeted chemotherapies have been developed for lung cancer treatment, mortality remains high. [3] Given the heterogeneity of lung cancer, new targets are urgently needed. Recently, growing knowledge of cholinergic signaling provides potential new therapies.
Acetylcholine receptors (AChRs), including nicotinic acetylcholine receptors (nAChR) and muscarinic acetylcholine receptors (mAChR), which are highly expressed in bronchial epithelial cells can be activated by acetylcholine (ACh). [4] Nicotine, the major addictive element in cigarettes, can also activate nAChRs with much higher affinity than ACh. [5] Although there is still no evidence that nicotine is a carcinogen, nicotine-specific metabolites named 4-(methyInitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N-nitrosonornicotine (NNN) can definitely induce lung cancer owing to their binding to nAChRs. [6] Nicotine can also promote cancer cell survival, proliferation, angiogenesis, invasion, and epithelial to mesenchymal transition (EMT) through nAChRs. [7, 8] In addition, the activation of the M2 muscarinic receptor (M2R) by non-neuronal ACh induces EMT in NSCLC cells and blocking the M2R signaling suppresses lung cancer cell migration and invasion. [9, 10] Genome-wide association studies (GWAS) proved for the first time that variations in genomic regions located on chromosome 15q24-25 are associated with nicotine dependence and lung cancer risk. [11] [12] [13] Although there have been several genomic variation studies investigating the relationships between the single-nucleotide polymorphisms (SNPs) of AChR and lung cancer risk, the functions of the AChR gene family are still unclear. Nicotine can bind to a7 nAChR and activate several tumor proliferation-related signal pathways. [14] In addition, the mitogenic effects of nicotine were previously shown to be mediated via the a7 nAChR subunit and result in the enhanced recruitment of E2F1 and Raf-1 on proliferative promoters in NSCLC cell lines and human lung tumors. [15] Since the AChR gene family is closely related to tumor progression, this family may be good targets for lung cancer treatment. However, until now, we cannot find any studies that have comprehensively evaluated the expression and prognostic value of this gene family. In the present study, we used The Cancer Genome Atlas (TCGA) dataset to conduct differentially expressed gene (DEG) and survival analysis of the AChR gene family in NSCLC. We found that only a7 nAChR was associated with survival in both adenocarcinoma and squamous carcinoma. Furthermore, we tried to use quantitative real-time polymerase chain reaction (qRT-PCR) and immunohistochemistry (IHC) to validate the expression difference and prognostic value of a7 nAChR in NSCLC.
Materials and methods

Alterations of the AChR gene family in lung cancer
We studied the genomic alterations (amplification, deep deletion, missense mutation, mRNA upregulation, mRNA downregulation) that occurred in the AChR gene family in Lung Adenocarcinoma (TCGA, Nature 2014) and Lung Squamous Cell Carcinoma (TCGA, Nature 2012) case sets using cBioPortal (http://www.cbioportal.org/). [16, 17] Advanced cancer genomic data visualization was obtained with the help of the Onco Query Language (OQL). OncoPrints show distinctive genomic alterations, including somatic mutations, copy number variations (CNV), and mRNA expression changes. OncoPrints (different levels of zoom) were generated using cBioPortal.
Survival analysis and differentially expressed genes
We obtained mRNA expression data and related survival data of lung cancer from the Genomic Data Commons (GDC) data portal (https://cancergenome.nih.gov/newsevents/newsannounce ments/genomic-data-commons-launch). [18, 19] DEG analysis was performed using the R DEseq package. The heatmap was generated by HemI (Heatmap Illustrator, version 1.0). [20] The survival analysis was performed with normalized data using the DESeq method. Receiver operating characteristic (ROC) curves were used to identify the optimal cutoff points. [21, 22] To avoid the emergence of bias, a running log-rank test was used at intervals between the 5th percentile and the 95th percentile of the normalized expression of each gene. The cutoff value of each gene was defined when the log-rank statistical value was maximum. The analyses were performed using the Statistical Package for Social Sciences (SPSS) program, version 20.0, in English.
Frozen tissue samples
Twenty-nine pairs of primary NSCLC and matched normal bronchiolar epitheliums were obtained from patients in Shandong Provincial Hospital Affiliated to Shandong University from 2012 to 2013 with informed consent. All tissue samples were from untreated patients undergoing surgery and all of the clinicopathologic information (age, gender, pathology, differentiation, invasion depth, and lymph node metastasis) was available. The study was approved by the Hospital's Ethical Review Committee. All samples were snap frozen in liquid nitrogen and stored at À80°C until the extraction of ribonucleic acid (RNA).
RNA isolation and quantitative reverse transcriptase-PCR
Quantitative real-time PCR was used to quantify cholinergic gene expression in the tumor samples and matched distant normal lung tissues as previously described. [23] The total RNA in the tumor samples and normal lung tissues were prepared with RNA Lyzol (Shanghai ExCell Biology, Inc.). RNA quality was confirmed in an Agilent 2100 Bioanalyzer (Agilent Technologies). Quantitative real-time PCR assay kits were purchased from Takara Bio (Dalian, China). The primers for real-time PCR were as follows: CHRNA7 (forward: 5'-ACATGCGCTGCTCGCCGGGA-3'; reverse: 5'-GATTGTAGTTCTTGACCAGCT-3'); GAPDH (forward: 5'-CATGAGAAGTATGACAACAGCCT-3'; reverse: 5'-AGTCCTT CCACGATACCAAAGT-3'). All reactions were run in triplicate and RNA levels were normalized to GAPDH. In addition, noreverse transcriptase controls were run with all RNAs to check for genomic DNA contamination.
Patients
A total of 141 patients with NSCLC underwent R0 resection at Shandong Provincial Hospital Affiliated to Shandong University from January 2009 to December 2011. No patients had received preoperative adjuvant therapy. Our research was approved by the Ethical Committee of Shandong Provincial Hospital affiliated to Shandong University, and informed written consent was obtained from each patient. Altogether, 141 primary NSCLC specimens were examined for IHC. They were fixed in 10% phosphate-buffered formalin and embedded in paraffin. We made serial sections of 4 mm thickness for IHC. All patients were pathologically staged according to the tumor-node-metastasis (TNM) classification system of the American Joint Committee for Cancer.
Immunohistochemistry
An anti-a7-nAChR antibody, which was a rabbit polyclonal antibody specific for human a7 nAChR, was purchased from Abcam Biotechnology (ab10096, USA). The procedure for IHC has been described previously. [24] Briefly, all sections firstly underwent deparaffinization and rehydration, and were then heated in a 1 mmol/L ethylenediaminetetraacetic acid (EDTA) Ma et al. Medicine (2019) 98: 20 Medicine buffer (water bath, 96-98°C) for 15 minutes in order to retrieve the antigens. A 3% hydrogen peroxide was used to quench the endogenous peroxidase activity, and nonspecific binding was blocked by 10% normal goat serum. We used the primary antia7-nAChR antibody at a dilution of 1:250. The primary antibody was replaced by normal serum or phosphate-buffered saline (PBS) as a negative control.
Immunostaining evaluation
The criterion for a positive reaction of a7 nAChR was clear cytoplasm and nucleus staining. The samples with more than 10% of the tumor cells stained were considered to be a7 nAChR positive carcinomas. The criteria used for quantitating immunohistochemical staining was described previously, which included the staining intensity and the percentage of positive cells stained. [24] A range of 0 to 3 was defined for classifying the intensity of the staining: 0-absence of staining; 1-weak staining; 2-moderate staining; and 3-intense staining. Furthermore, the extent of the staining was scored as 0 (<10%), 1 (11-25%), 2 (26-50%), 3 (51-75%), and 4 (76-100%) for evaluation. The final scores were calculated by multiplying the staining intensity by the extension. In this study, final scores of 0 to 7 were stratified as low expression and scores of 8 to 12 as high expression. The results were assessed by 2 pathologists (X. Qu and GY. Ma), who were blinded to the patients' background. If there were disagreements, both pathologists performed another review for these samples in order to obtain a conclusive judgment.
Statistical analysis
Pearson chi-square and Fisher exact tests were used to evaluate the clinicopathologic significance of enrolled patients' characteristics in NSCLC. Univariable Cox regression tests were used to evaluate correlations between single variable and overall survival (OS). The correlations between multiple variables and OS were measured by multivariate Cox regression analysis. Survival analysis and curves were established using the Kaplan-Meier method, and the comparison of differences between groups was made using the log-rank test. All of the statistical analyses were performed using SPSS software (version 20.0). Two-sided P values were calculated, and P values less than .05 were considered a symbol of significant difference.
Results
Alterations of the AChR gene family in lung cancer
The cBioPortal for Cancer Genomics (http://cbioportal.org) provides a Web resource for exploring, visualizing, and analyzing multidimensional cancer genomics data. [16, 17] We acknowledge the TCGA Research Network for generating TCGA datasets. We tried to use the Lung Adenocarcinoma (LUAD, TCGA, Nature 2014) and Lung Squamous Cell Carcinoma (LUSC, TCGA, Nature 2012) case sets to generate OncoPrints. As shown in Supplementary Figure 1 , http://links.lww.com/MD/C987, there were more alterations in LUAD than LUSC. The most altered genes in LUAD were CHRM3 (16%) and CHRNB2 (17%). However, in LUSC, the most altered genes were CHRM3 (13%) and CHRM4 (10%). Interestingly, mutual exclusivity and cooccurrence analysis showed that that CHRM3 and CHRNB2 tended to have co-occurrent alteration (amplification) in LUAD (P < .001). Similarly, CHRM5 and CHRNA7 also had cooccurrent alteration (deep deletion) in LUAD (P < .001). In LUSC, CHRNA6, and CHRNB3 seemed to have similar alterations (P < .001). We also studied the relationship between the AChR family and smoking history. However, as shown in Supplementary Figures 2 and 3 , http://links.lww.com/MD/C987, the relationship between gene expression and smoking was not significant. However, since we cannot get the detailed data from cBioPortal, the relationship needs to be further studied.
Prognostic value of the AChR gene family in LUAD and LUSC
We first examined the prognostic value of each gene in LUAD and LUSC. The ROC curves for each gene in LUAD and LUSC are shown in Supplementary Figure 4 , http://links.lww.com/MD/ C987. As shown in Supplementary Figure 5 , http://links.lww. com/MD/C987, survival analysis showed that high expression of CHRM2 (P = .007), CHRM3 (P = .005), CHRNA1 (P < .001), CHRNA2 (P = .025), CHRNA6 (P < .001), CHRNB3 (P = .015) or CHRNE (P = 0.010) was associated with favorable prognosis in LUAD. However, high expression of CHRNA5 (P < .001) or CHRNA7 (P = 0.010, com/MD/C987). Although the P value for CHRNA1 was also lower than .05, the number of patients with high expression was much lower than patients with low-expression, which may produce bias.
CHRNA7 was upregulated in tumor tissue compared with matched normal tissue
CHRNA7 is one of the most-studied genes among the AChR gene family. Several studies have reported that CHRNA7 can affect tumor proliferation, invasion, and is associated with chemotherapy resistance. [7, 8, 25] Since the expression of CHRNA7 may be affected by smoking status, we collected 29 pairs of tumor and matched normal tissue to investigate differential expression. The matched tumor and normal tissue can avoid the bias induced by smoking status. The clinicopathologic findings of 29 patients are shown in Table 1 . Of the 29 pairs, CHRNA7 was up-regulated in 26 pairs (Fig. 2A) . The CHRNA7 expression was significantly higher in tumor tissues than in matched normal tissues (P = .0013). We also tried to investigate the relationship between CHRNA7 and other pathological factors. However, given the limitation of patient number, the expression level of CHRNA7 was not associated with pathological stage or tumor size (data not shown).
Upregulation of a7 nAChR was associated with unfavorable prognosis
To investigate the prognostic value of this gene at the protein level, a total of 141 patients with NSCLC who underwent R0 resection were enrolled in the study. The clinicopathologic findings of the 141 patients are shown in Table 2 . The expression of CHRNA7 was detected by IHC (Fig. 2B) . The 83 patients showed high expression of a7 nAChR. No patients had received preoperative adjuvant therapy. As shown in Figure 2C , KaplanMeier survival analysis showed that high expression of a7 com nAChR in NSCLC was associated with unfavorable prognosis (P = .008) and early recurrence (P = .003). Univariate Cox regression analysis of the influence of a7 nAChR staining scores' influence and other related factors on OS in NSCLC patients shown in Table 3 . We included all of the significant factors from the univariate analysis in the multivariate Cox regression analysis and the result showed that TNM stage, age at diagnosis, and a7 nAChR expression status were independent risk factors for prognosis in NSCLC patients (P = .003, P < .001, and P = .007, respectively, Table 4 ). We also analyzed the association between pulmonary function indexes and the expression of a7 nAChR. However, the expression of a7 nAChR had no effects on pulmonary function. Although the prognostic value of FEV1, VCmax, and MVV were significant in the univariate analysis, they were not independent prognostic factors in the multivariate analysis.
Differentially expressed genes in TCGA data set
To further analyze the differential expression of the AChR gene family, we obtained separate mRNA expression data of LUAD and LUSC from the GDC data portal. [18, 19] The raw count data was normalized using the DESeq method. DEG analysis was performed using the R DEseq package. An absolute value of log2 fold change >1 and adjusted P value < .05 were considered significant. As shown in Supplementary Figure 7 , http://links. lww.com/MD/C987, in the LUAD case set, we found that CHRM1 (log2 fold change = À4.42, adjusted P value = 2.86 Â 10 -12 ), CHRM2 (log2 fold change = À3.41, adjusted P value = 9.05 Â 10 -5 ), and CHRNA2 (log2 fold change = À3.59, adjusted P value = 5.45 Â 10 -5 ) were significantly downregulated compared with normal tissues. Additionally, we also found that CHRNA9 (log2 fold change = 5.15, adjusted P value < .001), CHRNA5 (log2 fold change = 3.61, adjusted P value = 2.09 Â 10 -7 ), and CHRNB4 (log2 fold change = 3.45, adjusted P value = .027) were significantly upregulated in tumor tissues. In LUSC, as shown in Supplementary Figure 8 , http://links.lww.com/MD/ C987, we found that CHRM1 (log2 fold change = À4.02, adjusted P value = 5.80 Â 10 -10 ) and CHRM2 (log2 fold change = À4.56, adjusted P value = 2.19 Â 10 -10 ) were down regulated and CHRNB4 (log2 fold change = 4.81, adjusted P value = 5.06 Â 10 -7 ), CHRNB2 (log2 fold change = 3.40, adjusted P value = .002), CHRNA5 (log2 fold change = 3.17, adjusted P value = 6.74 Â 10 ), and CHRM3 (log2 fold change = 1.43, adjusted P value < .001) were up regulated. According to the DEG analysis, CHRM1 and CHRM2 were down regulated and CHRNA5 and CHRNB4 were up regulated in both LUAD and LUSC.
Discussion
In the current study, we investigated the prognostic value of the AChR gene family in NSCLC using TCGA data-set and found that only CHRNA7 was a prognostic factor in both LUAD and LUSC. Using qRT-PCR, we then found that CHRNA7 was upregulated in tumor tissues compared with matched normal tissues. IHC data analysis of the present patient cohort showed that a7 nAChR was an independent prognostic factor in NSCLC. Importantly, our data has provided new insights into the AChR gene family.
Gene alteration analysis showed that there were more alterations (somatic mutations, copy number variations, and mRNA expression changes) in LUAD than LUSC. Interestingly, mutual exclusivity and co-occurrence analysis showed that that CHRM3 and CHRNB2, or CHRM5 and CHRNA7, tend to have co-occurrent alterations (amplification) in LUAD (P < .001). In LUSC, CHRNA6 and CHRNB3 seemed to have similar alterations (P < .001). Although the structure and biological function of nAChR and mAChR were different, they may be regulated by each other. It should be very interesting to investigate the significance of these co-occurrent alterations.
DEG analysis of TCGA data set showed that CHRM1 and CHRM2 were down regulated in both LUAD and LUSC. In LUAD, survival analysis also showed that low expression of CHRM1 or CHRM2 was associated with unfavorable prognosis. However, the mechanisms are still unclear. Especially for CHRM1, until now we cannot find any research on its functions in tumor cells. In addition, blocking M2 AChR signaling inhibits tumor growth and reverses EMT in NSCLC. [9, 10] This is controversial to the present findings. However, our data was at the mRNA level. It should be very interesting to investigate their expression via IHC or western-blot in tumor and matched normal tissues. This controversy may be induced by posttranslation modification. As a result, it is important to investigate their functions in cancer cells.
GWAS have shown for the first time with strong evidence that variations in genomic regions located on chromosome 15q24-25 are associated with nicotine dependence and lung cancer risk. [11] [12] [13] There are three nAChR genes (CHRNA5, CHRNA3, and CHRNB4) at this locus. Although several studies have shown that gene variations at this cluster are associated with lung cancer risk, little research has focused on their expression and lung cancer mortality risk. [26] [27] [28] Here, for the first time, we have shown that CHRNA5 and CHRNB4 were up regulated in both LUAD and LUSC. Furthermore, the upregulation of CHRNA5 and CHRNB4 were associated with unfavorable prognosis. However, CHRNA3 is not a prognostic factor in both LUAD and LUSC. Seung et al showed that the unmethylation of the CHRNB4 gene was an unfavorable prognostic factor in NSCLC. [29] However, the detailed biological functions of CHRNB4 are still unclear. SNPs rs421629 on 5p15.33 and rs1948, rs660652, rs8040868, and rs2036527 on 15q25.1 previously identified as lung cancer risk or nicotine-addiction modifiers were associated with tumor DNA methylation levels in the promoters of TERT and CHRNB4. [30] In addition, CHRNB4 knockdown in NSCLC cell lines resulted in a reduced proliferation and propensity to form colonies. [30] Also, nicotine inhibits cisplatin-induced apoptosis via regulating a5 nAChR/ AKT signaling in human gastric cancer cells. [31] Nicotine induces HIF-1a and VEGF expression in NSCLC through a5 nAChR. [32] However, the function of a5 nAChR is also controversial. Krais et al showed that CHRNA5 was a negative regulator of nicotine signaling in normal and cancer bronchial cells. [33] In nontransformed bronchial cells and in lung cancer cell lines, silencing CHRNA5 or inhibiting receptors containing a5 nAChR with aconotoxin MII exerted a nicotine-like effect, with increased motility and invasiveness in vitro and increased calcium influx.
The a7 nAChR is the most-studied receptor in this family. Its expression and function has previously been studied and summarized. [34] David et al compared the expression of nAChR subunits between tumor and matched normal tissue and found a significant upregulation of the b4 subunit and a concomitant decrease in a4 levels. [35] Another study showed that all lung cancer tissues expressed mRNA encoding a7 nAChR and the resultant proteins in the following rank: squamous carcinoma more than > adenocarcinoma > squamous carcinoma from nonsmokers > large cell carcinoma > carnification > and pulmonary chondroid hamartoma. [36] As summarized by Schuller, nicotine and NNK will upregulate the expression of a7 nAChR in tumor cells. However, except tumor cells, the expression of a7 nAChR will also be upregulated in human bronchial epithelial and endothelial cells exposed to nicotine. [37] In addition, except nicotine, the exposure of small airway epithelial cells to estrogen in vitro upregulates and sensitizes the a7 nAChR in these cells. [38] Since the expression of a7 nAChR can be regulated by several reagents in normal and tumor cells, it is important to investigate its expression in tumor and matched normal tissue. In line with this, we designed the present experiments to study the differential expression of a7 nAChR in matched tissues. Although this is not the first time the upregulation of a7 nAChR in tumor tissue has been reported, we have provided new evidence that this gene is upregulated compared with matched normal tissues. According to this and its important function, a7 nAChR may be a good target for lung cancer treatment. It has the greatest Ca2+ permeability and significantly affects cell invasion, migration, and EMT. [7, 8, 39] The upregulated calcium activates the PKC and subsequent MEK-ERK signaling cascade. [40, 41] Studies have shown that a7 is the main nAChR subunit that mediates the proliferative effects of nicotine in cancer cells. [42] Further studies have also shown that nicotine promotes the binding of ARRB1 to a7 nAChR and that the nuclear translocation of ARRB1 induces the increased expression of proliferative and survival genesin NSCLCs. [15, 25] To our surprise, our data from TCGA showed that there was no expression difference between tumor and normal tissues. However, a7 nAChR was a prognostic factor in both LUAD and LUSC. Limitations of the present study may include:
1. the data provided by TCGA is at the mRNA expression level, but not the protein expression level; 2. the normal tissues in TCGA data-set are not matched by tumor tissue one by one; 3. the amount of normal tissue is much less than tumor tissue.
Considering all the possibilities, we tried to use matched normal and tumor tissues to investigate the expression difference of a7 nAChR. Our data showed that a7 nAChR was significantly upregulated in tumor tissues. Although the data was different from TCGA, we think it was reasonable since this expression data came from matched tumor and normal tissues. Since a7 nAChR was upregulated in lung cancer, we tried to investigate the prognostic value of a7 nAChR via IHC. High expression of a7 nAChR was associated with unfavorable prognosis in lung cancer. This indicates that a7 nAChR is a potential drug target for lung cancer treatment.
Several studies have investigated the expression and function of a7 nAChR in different types of tumor. Because of its high calcium permeability, which modulates intracellular signaling molecules, a7 nAChR has been implicated in lung tumorigenesis. [43, 44] The copy number variations (CNV-3956) of a7 nAChR was associated with an increased risk of lung cancer and the poor survival of lung cancer patients. [45] Plummer et al found that a7 nAChR was ubiquitously expressed in both normal and cancer lung cells (squamous, carcinoid, adenocarcinoma, large cell carcinoma, and small cell lung cancer) which confirmed its involvement in lung biology and lung cancer development. [46] For the first time, we found that a7 nAChR was upregulated in tumor tissues compared with matched normal tissues and proved that a7 nAChR was an independent prognostic factor.
Our study was based on TCGA datasets which included more than 10,000 cases of human cancer including over 25 different cancer types. Datasets including the RNA-Seq, miRNA-Seq, Exon-Seq, somatic mutations, methylation, and CNV for each case are publically available via TCGA data portal (https:// tcgadata.nci.nih.gov/tc-ga/tcgaHome2.jsp) and the UCSC Cancer Genomics Hub (https://cghub.ucsc.edu). [47] In our study, 533 Table 3 Univariate Cox Regression of prognostic factors in NSCLC. All P values were 2 sides and less than .05 were considered significant. CI = confidence interval, FEV1 = forced expiratory volume in 1 second, HR = hazard ratio, MVV = maximum voluntary ventilation, NSCLC = non-small cell lung cancer, TNM = tumor-node-metastasis, VCmax = maximal vital capacity.
Ma et al. Medicine (2019) 98:20 www.md-journal.com LUAD tissue samples and 502 LUSC tissue samples were enrolled in the DEG analysis. We also conducted qRT-PCR and IHC to confirm the expression and prognostic value of a7 nAChR in our dataset. This gave us strong evidence that a7 nAChR plays important roles in the progression of lung cancer. However, there were also several limitations in the present study:
1. the data provided by TCGA was at the mRNA expression level, but not at the protein expression level; 2. the normal tissues in TCGA data-set were not matched by tumor tissue one by one; 3. the amount of normal tissue was much less than tumor tissue; 4. there was a lack of experiments to prove the function of a7 nAChR in cell lines; and 5. there was a lack of chemotherapy or radiotherapy after surgery. Further studies should focus on the mechanism of a7 nAChR in lung cancer.
The present study has provided strong evidence that a7 nAChR was upregulated in lung cancer and associated with worse prognosis. Importantly, this gene may be a good target for lung cancer treatment and further research should focus on developing new inhibitors of a7 nAChR. Table 4 Multivariate Cox Regression of prognostic factors in NSCLC.
All P values were 2 sides and less than .05 were considered significant. CI = confidence interval, FEV1 = forced expiratory volume in 1 second, HR = hazard ratio, MVV = maximum voluntary ventilation, NSCLC = non-small cell lung cancer, TNM = tumor-node-metastasis, VCmax = maximal vital capacity.
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